Linfield University

DigitalCommons@Linfield
Senior Theses

Student Scholarship & Creative Works

2013

Correlating Fiber Quality Assurance Tests for the NOvA Far
Detector Modules
Amanda K. Bowers
Linfield College

Follow this and additional works at: https://digitalcommons.linfield.edu/physstud_theses
Part of the Physics Commons

Recommended Citation
Bowers, Amanda K., "Correlating Fiber Quality Assurance Tests for the NOvA Far Detector Modules"
(2013). Senior Theses. 6.
https://digitalcommons.linfield.edu/physstud_theses/6

This Thesis (Open Access) is protected by copyright and/or related rights. It is brought to you for free via open
access, courtesy of DigitalCommons@Linfield, with permission from the rights-holder(s). Your use of this Thesis
(Open Access) must comply with the Terms of Use for material posted in DigitalCommons@Linfield, or with other
stated terms (such as a Creative Commons license) indicated in the record and/or on the work itself. For more
information, or if you have questions about permitted uses, please contact digitalcommons@linfield.edu.

Correlating Fiber Quality Assurance Tests for the NOνA Far Detector
Modules

Amanda K. Bowers

A THESIS
Presented to the Department of Physics
LINFIELD COLLEGE
McMinnville, Oregon

In partial fulfillment of the requirements
for the Degree of
BACHELOR OF SCIENCE
May, 2013

Signature redacted

Signature redacted

Thesis Acceptance

Linfield College

Thesis Title:

Correlating Fiber Quality Assurance Tests for the NOνA Far

Detector Modules

Submitted by: Amanda K. Bowers
Date Submitted: May, 2013

Thesis Advisor:

Signature redacted
Dr. Joelle Murray

Physics Department: Signature redacted
Dr. Michael Crosser

Physics Department:

Signature redacted
Dr. Donald Schnitzler

ABSTRACT
Correlating Fiber Quality Assurance Tests for the NOνA Far Detector Modules

In an effort to better understand the most fundamental units of matter, physicists
are drawn to study the elusive neutrino. Measuring various parameters of neutrinos
resulting from their oscillations between three different flavor states can lead to an
explanation for the asymmetry between matter and antimatter in the universe. Because they are massless and weakly interacting, detecting these leptons has been a
challenging feat. However, large-scale collaborations, such as NOνA, are now able to
build detectors that capture information about a neutrino’s interaction with atomic
matter. During their propagation through space, neutrinos oscillate between various
flavor states. Physicists are interested in measuring parameters that describe these oscillations and yield important information about one of the most fundamental units
of matter. Before installing a multi-billion dollar detector underground, physicists
must ensure that their hardware is working properly. Two fiber quality assurance
tests employed at the NOνA module factory are analyzed.
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Chapter 1
Introduction
1.1

Overview of the Project

Neutrinos have perplexed the minds of particle physicist for over half of a decade.
Because they are massless and weakly interacting, detecting them has been a challenging feat. However, large-scale collaborations, such as the NUMI

1

Off-Axis Electron

Neutrino (νe Appearance (NOνA) experiment, are now able to build detectors that
capture information regarding a neutrino’s interaction with atomic matter.
Neutrinos are naturally occurring and play an important role in solar fusion.
These solar neutrinos, as well as cosmic neutrinos from the Earth’s atmosphere, can be
measured experimentally using detectors. However, physicists do not have any control
over the flux of neutrinos coming from naturally occurring sources. To get around
this problem, they can create a neutrino beam and place a detector downstream to
measure the interactions of neutrinos with known properties.
NOνA has the luxury of being the “daughter” project to the Main Injector Neutrino Oscillation Search (MINOS), which is currently collecting data and using a manmade neutrino beam originating at Fermi National Accelerator Laboratory (FNAL)
and directed toward the Minnesotan-Canadian boarder (Fig 1.1). Thus NOνA need
1

NUMI is an acronym for Muon Neutrinos at the Main Injector, and describes the neutrino beam
source.
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not build a new beam, but rather it plans to use the existing beam once MINOS
retires operation in 2014.
The most drastic difference between
NOνA and MINOS is the location of the
detector.

The existing MINOS detec-

tor was built directly down the central
beam-line so that it is “on-axis.” NOνA
on the other hand, chooses to build its
detector slightly off-axis (14 mrad west
of MINOS), reducing the amount of noise
created by other charged particles involved in the capture of neutrinos.
In an effort to collaborate with Figure 1.1: A map of the Muon Neutrino
FNAL, the University of Minnesota Main Injector (NUMI) Beamline with the MI-

NOS and NOνA detectors. The MINOS de(UMN) submitted a proposal on March tector is located in Soudan, MN and the
NOνA detector is located 100 km NW in Ash
5,2004 to build two detectors: a proto- River, MN.

type Near Detector on the Surface (NDOS) and a far detector (FD) to study neutrinos travelling large distances. The far detector is to be built 810 km north of FNAL
in Ash River, MN, a rural mining town. Construction of NDOS has been completed
and the near detector began collecting data on December 15, 2010.
Although the prototype provided viable test data upon which Monte Carlo simulations could be run, numerous faulty channels were noticed at NDOS. Some channels
were completely dead while others provided inconsistent hit information, decreasing
the overall confidence in the accuracy of information obtained from the prototype.
Concerns were raised pertaining to possible damage of the fiber optic cables embedded
in the liquid scintillator.

2

1.2

Improving the Fiber Quality Assurance Tests

The NOνA FD comprises thousands of modules, each with tens of fibers, necessary to
provide readout information pertaining to neutrino hits. Production of these modules
is a multi-step process which occurs in an off-site factory in Minneapolis. By June of
2012, the production of FD modules had just begun and a fiber quality assurance (QA)
test team was assembled to analyze and improve the existing QA process implemented
for NDOS assembly.
NDOS QA relied largely on two tests: the Stringing Fiber Test (SFT) and the
Closed Fiber Test (CFT). Both tests measure transmitted light lost and compare
its intensity to that of an incident beam from an LED. The SFT is only performed
during stringing, the process of pulling a fiber down the body of a cell, and contains
large amounts of inherent error due to the inability to hold the fiber steady during
stringing. The CFT is performed at multiple stages after stringing and is capable of
detecting SFT false positives.
It is thought that the majority of damage occurs prior to stringing, during necessary human interaction with the fiber to set-up stringing. Additionally, the robotic
arm responsible for stringing may cause damage at high stringing tensions. The
SFT is capable of detecting both of these potential sources of damage. Thus, if it
is assumed that all of any potential damage to fibers occurs either prior to or during stringing, the SFT becomes absolutely crucial. When damage is detected at the
stringing stage, the bad channels are stripped and restrung, saving the collaboration
thousands of dollars in an otherwise perfectly good module. The fate of CFT failures,
on the other hand, is one of two options: they can either be shipped to Ash River
with knowingly faulty channels, or the entire module can be discarded.

3

Therefore, both tests are necessary and analyses on the tests will either confirm
or reject the following hypothesis:

Although the Stringing Fiber Test has inherent error and will likely result in false
positives, the Closed Fiber Test will confirm that the Stringing Fiber Test is accurate,
within a certain tolerance.

4

Chapter 2
Theory
2.1

The Standard model of Particle Physics

The theory that currently unifies three out of the four
fundamental forces of nature and categorizes elementary
particles into three distinct groups in a quasi-periodic table is known as the standard model of particle physics.
It classifies the most fundamental units of matter into
quarks, particles that interact with strong force; leptons,
particles that do not interact with the strong force; and
gauge bosons, “force-carrying particles. Neutrinos, neu- Figure 2.1: Table of elementary particles as cat-

trally charged leptons, exist in three different flavors: elec- egorized by the Standard
Model.
The fundamental particles are grouped
The familiar neutrons and protons are classified as into quarks (pink), leptons
(green), and gauge bosons
baryons because they each comprise three individual (blue).

tron, muon, and tao.

quarks. Mesons, on the other hand, each comprise two individual quarks. Mesons
and baryons are conveniently grouped together and called hadrons.
In other words, hadrons are composite particles, made up of quarks. Each individual quark has an intrinsic spin that can be either up (+1/2) or down (-1/2).

5

Leptons, like quarks, are fundamental particles and can be classified according
to their electric charge and their lepton flavor number. Each of the three negatively
charged leptons pairs with its corresponding neutrino flavor into one of three generations. The electron (e) and electron neutrino νe are first generation leptons; the muon
(µ) and muon neutrino (νµ ) are second generation leptons; and the tau (τ ) and tau
neutrino (ντ ) are third. The charged leptons are ordered by ascending mass. But the
mass hierarchy of the neutrinos remains a mystery. [1]

2.2

Demand for a Theoretical Neutrinos

Neutrinos cannot be detected directly and it took scientists decades to find any experimental evidence to support their existance. This left physicists skeptic of their
existance. The theory, however, demands that neutrinos exist in order to obey all
known conservation laws.
The placement of the neutrino within the standard model solves an unsettling
puzzle scientists came across in the 1920’s when it appeared as if energy may not be
conserved for the radioactive, β-decay process. The following derivation shows the
discrepancy between the initial and final energies of a β-decay reaction in the absence
of a neutrino. A generic nucleus A decays into a slightly lighter nucleus B and an
electron is released:

A → B + e−

(2.1)

Before the decay process, nucleus A is at rest and after the decay, the electron is
moving much faster than nucleus B. So it can be assumed that B is at rest. For a
free particle, the momentum-four vector can be defined as follows:

6

pµe− = pµB − pµA ,

(2.2)

where pµ , [µ=0,1,2,3] is the energy-momentum-four vector, defined as follows:
p0 =

E
c2

p1 = Px
p2 = P y

p3 = P z

(2.3)

Because pµ pµ is the same in all reference frames, the total energy of a free particle,
in any reference frame, can be written as follows:

E 2 = (cp)2 + (mc2 )2

(2.4)

Conservation of momentum yields:

p~A = p~B + p~e

0 = p~B + p~e

(2.5)

Thus, their magnitudes are equal:

pB = p e = p

7

(2.6)

Conservation of energy yields:

EA = EB + Ee

(2.7)

Because nucleus A is at rest, this can be written as

mA c2 =

p
(cp)2 + (mB c2 )2 + Ee

(2.8)

Rearrangement and substitution of (Eq. 2.6) yields

Ee =

(m2A − m2B + m2e− ) 2
c
2mA

(2.9)

This expression for the energy of an electron (Eq. 2.9) is single-valued because it
relies on only two decay products (the daughter nucleus and the electron). Experiment, however, has indicated that the energy of the electron can take on a wide range
of values.[2].
Proposing the existence of a new particle with all of the appropriate properties
appeared to be the perfect missing piece to this puzzle. By introducing a third decay
product, Eq.

?? is no longer true. Thus the electron’s allowed energies make up

a spectrum. This theory is consistent with experimental evidence. Wolfgang Pauli
was the first to propose this solution and knew that the theoretical particle he was to
create must have all of the correct properties, such that things like charge, angular
momentum, and energy were conserved for this decay process. He suggested that the
neutrino be electrically neutral, and have spin ±1/2.
Although the aforementioned theory is quite elegant and compact, many physicists remained skeptical about the existence of such a particle. Because neutrinos
are neutrally charged and interact infrequently, major difficulties arose in trying to
devise an experiment to detect them. To this day, no experiment has detected a
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neutrino directly, but many experiments have, in fact detected the decay products of
their interactions with atomic matter, sufficing as indirect evidence to validate their
existence.

2.3

Experimental Verification for Neutrinos

When neutrinos interact with atomic matter via the weak force, they create charged
particles that can traverse through different media. When charged particles travel
through a medium, they emit photons. The ability to transmit the information contained in the photons has evolved over the last half century.
Frederick Reines and Clyde Cowan first set out to detect neutrinos from nuclear
reactions. They decided to build their detector just outside of the Savannah River
Nuclear Reactor. Their detector was filled with cadmium chloride dissolved in water.
The scintillating light was then detected using photomultiplier tubes. [3]. In 1955,
they were the first physicists to successfully detect the charged particles associated
with neutrino interactions.
Although Reines and Cowan were the first to provide experimental verification
of neutrinos, many questions continue to persist regarding these elusive particles.
Physicists are working to create more controlled experiments that allow them to measure interesting parameters. Some experiments set out to detect naturally occurring
neutrinos such as solar and cosmic neutrinos. Others generate man-made beams of
neutrinos, giving experimenters more control over which types of neutrinos they are
detecting. Shielding from cosmics and solars can be a problem when trying to detect
artificially created neutrinos. Modern detectors are therefore placed underground to
avoid this problem.

9

2.4

Conservation Laws and the Weak Force

Conservation laws, such as conservation of energy, angular momentum, and charge,
dictate which reactions between particles and which decays of particles are allowed.
However, assuming that the three aforementioned conservation laws are all that are
needed for leptons yields many more allowed reactions than are observed experimentally. Thus physicists devised a new property, the lepton flavor number, that must
also be conserved. The lepton numbers for these six particles are given below:
Table 2.1: Lepton classification table of particles. Rows are divided by generation with one
charged lepton and its corresponding neutrino flavor per generation. Columns are divided
by various properties. Q is used to represent electric charge and Le , Lµ , and Lτ are used
to represent lepton number for each of the respective flavor states.

e
νe
µ
νµ
τ
ντ

Q
-1
0
1
0
-1
0

Le
1
1
0
0
0
0

Lµ
0
0
1
1
0
0

Lτ
0
0
0
0
1
1

Antineutrinos, along with their corresponding charged antiparticles have entirely
the same properties as “regular” matter, but have opposite electric charge. Thus
Table 2.4 can be reconstructed for antileptons by reversing the signs of all of the
entries.
Oscillations between the different generations shown in Table 2.4 occur randomly.
By oscillating from one flavor to another (eg. νµ → νe ), different various parameters
can be measured. These measurements will hopefully provide insight into the question
as to why substantially more matter than antimatter was created during the big
bang. It is thought that parity, the idea that everything has a mirror image is not
necessarily conserved for the weak force. This was first observed in the radioactive
β-decay process of Cobalt-60.

10

2.4.1

Charge and Parity Symmetry (CP) Violation

It is standard convention to use a right-handed coordinate system when describing a
particle’s position. Alternatively, a left-handed coordinate system can be used. It was
long thought that fundamental properties, such as spin angular momentum, remained
invariant under this translation to the mirror world. This concept, known as parity
symmetry, states that the direction of motion of a single particle is inverted in the
mirror world, but that that particle’s spin angular momentum remains oriented in the
same direction with respect to the new coordinate system (Fig. 2.2). In other words,
particles have no preferred spin angular momentum and any experiment would yield
a 50-50 distribution of spin up to spin down particles.[4]

ω

ω

Figure 2.2: Diagram of left and right handed coordinate systems for an arbitrary moving,
spin up particle obeying parity symmetry. Primes are used to denote the axes of the lefthanded system, which by standard convention is named the mirror system. The arbitrarily
chosen direction of the particle is depicted with the velocity vector (v) and is reflected via
translation from one system to the other. The spin angular momentum (ω) is oriented such
that the particle is spin up. This property is not changed in the mirror frame and thus the
particle obeys parity symmetry.

Swapping all particles with their corresponding antiparticles is a process known
as charge conjugation. The antimatter counterparts of all charged particles with
spin 1/2 (e.g. electrons) have opposite charge and opposite spin. Therefore, when
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combining parity invariance and charge conjugation, it would seem as if reactions or
interactions involving electrons would yield the exact opposite results as those for
positrons (i.e. antielectrons).
In 1957, Chien Shiung Wu, motivated by a paper published by Tsung Dao Lee and
Chen Ning Yang, performed an experiment that suggested parity symmetry may not
be invariant for interactions via the weak force. By isolating Cobalt-60 nuclei with
the same spin orientation, she observed their β-decay products. Assuming parity
invariance held true for the weak force, as did all physicists at the time, she expected
the electrons to have no preferred spin orientation. Instead, she found that the
majority of the electrons she measured had a spin orientation in the same direction
as the original cobalt nuclei.
Keeping in mind the potential parity symmetry invariance of weak interactions,
Wu repeated this experiment using antimatter (β + -decay and expected to see the
opposite preferred spin orientation and with the same probabilistic outcome. Instead,
she found that the positrons again had a preferred spin orientation in line with the
original nucleus. Furthermore, the ratio of spin up to spin down positrons was not
consistent with the ratio of spin up to spin down electrons in the first experiment.
The only logical conclusion is that neither parity nor charge conjugation symmetry
are guaranteed to remain invariant under weak interactions. In other words, the weak
interaction may exhibit CP violation.

2.4.2

Neutrino Symmetries

It remains unclear whether or not neutrinos exhibit CP violation. The degree by
which neutrinos may exhibit CP violation may be loosely associated with a quantifiable parameter known as the mixing angle. Non-zero measurements of certain linear
combinations of mixing angles, parameters measured as a direct result of neutrino
oscillations, yield a definite symmetry breaking. This hypothetical non-zero term is

12

also called the CP violating phase.
The main goals of NOνA involve confirming measurements of well-known mixing angles as well as measuring other mixing angles where data is currently sparse,
in hopes of detecting a CP violating phase. The mixing angles can also be loosely
associated with the mass eigenstates of neutrinos.1 NOνA is also interested in determining something about mass hierarchy, the order in which the masses of the three
neutrino flavors falls.
Understanding these properties about neutrinos provides a clue to the mysterious
large asymmetry between the formation of matter and antimatter during the big
bang.

1
It was recently discovered that neutrinos have non-zero mass. Their masses, however, are not
single-valued, but rather a linear combination of each of the three flavor states.
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Chapter 3
Methods
3.1

Creating the NUMI beam

The Neutrinos at the Main Injector (NUMI) beam creates muon neutrinos by accelerating a direct beam of protons to a fixed carbon target. Interactions of the proton
beam with the target produce hadronic subatomic particle called mesons, which are
focussed toward the beam axis by two magnetic horns. The mesons decay into muons
and muon neutrinos during their flight through a long decay tunnel. The remaining protons and mesons from the beam are removed at the end of the decay tunnel,
leaving only the muons and muon neutrinos to exit the lab in a controlled beamline. However, because the muons are electrically charged, they interact readily with
atomic matter and are therefore absorbed by the Earth not long after leaving the lab.
This leaves a well-defined beam of solely muon neutrinos, which interact weakly, such
that an insignificant number of neutrinos interact with the Earth while in transit to
Ash River to yield a drastic loss of beam intensity.
It is fortunate that neutrinos interact weakly so that long baseline oscillation
experiments can be performed. However, this elusive property is precisely the reason
why they are so difficult to detect.

14

3.2

Project Design of the Far Detector

The original proposal of the far detector consists of 11,000 individual modules made
of PVC and filled with liquid scintillator. The basic unit of all the NOνA Detectors
is a simple rectangular rigid polyvinyl chloride (PVC) plastic cell containing liquid
scintillator and a wavelength-shifting (WLS) fiber. When a cell captures a charged
particle, the particle produces an electromagnetic field due to its acceleration through
a medium (the scintillating fluid.) This light bounces around until it is captured by
a WLS fiber or absorbed by PVC or scintillator. In the latter case all information
regarding the hit is lost, but in the former case, the WLS transmits the information
to an Avalanche Photodiode (APD) photodetector array and the light is converted
to an electronic signal.

The technical criteria that must be met in order to determine the amount of
light reaching the APD through the combined effects of the scintillator, PVC cell
walls, and WLS fibers include the following: 1) capture fraction for the scintillation
of light, and 2) an effective attenuation length for transmitting light though 16 m of
fiber. To avoid drastic loss of hit information, it is necessary to optimize the capture
fraction of the fibers. Two predominant factors maximize the capture fraction: the
fiber width, and the concentration of K27 fluorescent dye. These factors, however,
are respectively limited by the need to mechanically fit a loop of fiber safely in into
a cell cross-section and by the worsened attenuation length phenomenon experienced
by short wavelength caused by high dye concentrations. Thus, it was necessary to
experimentally determine these factors dependent of number of fibers, details of well
shape, wall reflectivity and photodetector quantum efficiency. It was decided that
0.7 mm diameter fibers doped with 150 ppm of K27 dye should be used.
NOνA uses a visual light photon counting (VLPC) liquid scintillator to fill the
detector. The VLPC liquid scintillator is more sophisticated than scintillator fluids
15

used in prior experiments. Most detectors, such as the first detector built by Reines
and Cowan, are filled with a water-based scintillator. The VLPC scintillator has a 20%
enhanced efficiency in trapping charged particles from the water-based scintillator
fluids. The Main Injector Neutrino Oscillation Search (MINOS) detector uses the
same beam-line that NOνA plans to use and is filled with the solid form of the same
scintillator. Liquid media have been shown to be better at trapping charged particles,
but solid scintillator was used for the MINOS detector to avoid problems with leaks.
[?]

3.2.1

Cross-stacking the Modules

When assrmbling the detector at Ash River, the modules are stacked peependicularly
relative to their nearest neighbor. Two modules, each 16 cells wide are glued in
place next to each other with both oriented in the same direction. The next layer of
modules, directly behind the front of the detector, is oriented orthogonal to the front
panel (Fig. 3.1).

3.3

Fiber Quality Assurance Tests

Shipments of parts and materials needed to build the modules arrive to the NOνA
module factory from all over the world. The assembly is divided into numerous steps.
At each step different aspects of the modules are tested for defects. The focus here
is on the fiber quality assurance (QA) testing.
In an effort to enhance the ability to detect damage, a series of quality assurance
tests were devised. Damaged fibers can be detected in one of two ways by assessing
the process of light attenuation. In damaged fibers, either the transmitted light at
the opposite end from which light is sent is too low due to some physical impedance
(e.g. a fracture, a break, a crease) in the fiber, or the reflected light at the same end

16

Figure 3.1: Cross-stacking diagram of far detector. One of the front panels is removed to
show the perpendicular orientation of the module directly behind it. Note: The diagram is
not to scale and does not depict the correct number of cells per module.

as which light is sent is too high due to a physical impedance. Two tests measuring
transmitted light loss are analyzed here.

3.3.1

Stringing and The Stringing Fiber Test

The fibers are strung through the cells using a looping mechanism. A calibrated
pulley is engineered to pull the looped, formed by a 32m flexible fiber manually
bent in half, down the length of the cell. During stringing, the stringing fiber test
(SFT) is performed. It functions by shining 475nm light from an LED down one end
of the fiber, where a photogate is placed to take initial intensity measurements. A
Second photogate is placed on the opposite end of the fiber, where final light intensity
measurements are taken (Fig. ??). Measurements are taken continuously every 10µs.
Simultaneously the robotic arm measures the tension with which it is pulling the
string.

17

Figure 3.2: Schematic of SFT. An LED shines blue light down ber while robot pulls fiber
down length of cell. Photodiode 1 reads initial intensity of light. Light is transmitted down
ber and photodiode 2 measures nal light intensity. It should be noted that no gap exists
between the top and bottom edges of the ber, but is only present in the diagram to illustrate
their separation.

The relative light lost is calculated as follows:

RelLL =

Jincident − Jtransmitted
Jincident

(3.1)

where J is the light intensity.
For each individual fiber, the Relative Light Loss (RelLL) data is averaged over
the entire stringing process. This value along with the average and maximum tension
values for that fiber are stored in a database. Root, a statistical packaging program,
is used to generate 2-dimensional histograms plotting RelLL vs. M axT ension.

3.3.2

Closed Fiber Tests

The Closed Fiber Test (CFT) is performed at three distinct stages after stringing. It
is analogous to the SFT in that it measures transmitted light. The CFT, however,
uses a 625 nm wavelength LED and is performed on cut fibers that are sealed in place.
The absence of vibrations during testing yields a higher confidence in the results of
the CFT than those of the SFT. Photogates are placed at both ends of the fiber to
read incident and transmitted light intensities (Fig. ??).
Relative light loss intensities are calculated once per fiber (Eq. 3.1 ). The RelLL
data are averaged over all fiber entries to date and the average value is set to 100.
18

Figure 3.3: Schematic of CFT. An LED shines red light down strung fiber. Photogate 1
reads initial intensity of light. Light is transmitted down fiber and photogate 2 measures
final light intensity. It should be noted that no gap exists between the top and bottom
edges of the fiber, but is only present in the diagram to illustrate their separation.

The standard deviations for all other entries are computed and these data are then
normalized. Python and Root are used in a similar manner to plot these data as a
function of maximum tension.

19

Chapter 4
Results and Analysis
Two-dimensional histograms were produced for both tests to asses the effects of tension on relative transmitted light lost.
All cells strung with a maximum tension of at least 3 N were discarded due to the

Rel Intensity

over-tension alarm. All SFT results that indicated a relative light loss above 3% were

30

SFT Intensity Vs Max Tension
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Figure 4.1: 2-D histogram of relative light lost during the CFT vs. Max Tension. Entries
are filled according to an X-bin width of 0.1 N and a y-bin width of 0.01%.
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Figure 4.2: 2-D histogram of relative light lost during the CFT vs. Max Tension. Entries
are filled according to an X-bin width of 0.1 N and a y-bin width of 1%. A horizontal red
line is used to show the cut-off. Fibers with a normalized relative light loss above 150% of
the mean are considered to have failed the CFT.The vertical color scale on the right hand
side indicates the number of entries per bin.

discarded regardless of their maximum stringing tension, as 3% was considered the
cut-off to determine SFT failures. All ”passing” fibers are shown in Fig. 4.1. These
modules were then sent to further production stages where they were eventually tested
using the CFT. The CFT was used as a ”double check” to look for false positives
produced by the SFT.
There are between 25 and 75 CFT failures. The average tension with which these
fibers were strung is ≈ 1.5N . Under the assumptions that the CFT is reliable and
that damage occurred during stringing, all of these entries can be considered false
positives from the SFT.
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Chapter 5
Discussion
5.1

Summary of Results

The goal of this thesis was to asses NOνA’s ability to detect faulty fibers by studying
the SFT and CFT. It was assumed that the CFT would not produce false positives or
false negatives, ensuring that all damaged fibers would eventually be found. Gaussian
distributions of 1D histograms for both tests were studied to determine appropriate
cuts. A 3% relative light loss or greater during the SFT was considered failing. A
150% normalized relative light loss or greater during the CFT was considered failing.

As of August 10, 2012, roughly 50 fibers out of the 33,000 total strung fibers
passed the SFT but failed the CFT. In other words, 0.15% of all fibers that reached
final QA were damaged. This damage was erroneously not detected by the SFT.
Therefore, the SFT has some inherent error. However, some error was expected in
the SFT due to vibrations in the fiber during stringing. This error is not statistically
significant and the SFT can be regarded as a valid method for detected faulty fibers
and ensuring that modules sent to Ash River comprise properly functioning channels.
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5.2

Limitations of the Tests

Although the initial assumptions state that the CFT can accurately measure transmitted light lost and its integrity is not under scrutiny, it too is not a perfect test.
Oftentimes, damage in a fiber causes high reflection intensities, but neither the CFT
nor the SFT can measure reflected light. Therefore uncertainty remains in both tests
ability to check for damage.
Because the CFT is only performed when the fibers are sealed, it only yields
information about the initial and final light intensities, but cannot provide discrete
measurements along the length of the fiber. It has been considered more reliable and
reproducible than the SFT because stagnent measurements are taken, but the SFT
on the other hand, does not lack the ability to provide continuous measurements.
Although continuous measurements are taken along the full length of a fiber during
stringing, the program used to manipulate and store this data simply averaged and
normalized it. Thus, ultimately a single entry, the relative light intensity, was stored
in the database and any information regarding the possible location of a fracture was
lost.
It should also be noted that both tests consistently shone incident light down
the top end of the fiber with transmitted light ultimately coming out of the bottom
end but neither test ever considered performing the reverse process. In principle, the
reverse process yields the same information as the original test, but because the tests
were never performed in this way, this cannot be confirmed.

5.3

Future Outlook

Both tests analyzed here are limited in their ability to detect damaged fibers for
neither test measures reflected light intensity. Large amounts of transmitted light lost
is equivalent to small amounts of transmitted light measured and indicates structural
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damage in the fiber. High reflection intensities at the incident end of the fiber would
also indicate damage. As of August 10, 2012, the visual test and visual card tests
were the only checks for damage indicated by high reflection. However the camera
fiber test was in its final ”debugging” stage and is more than likely now in use.
A camera is mounted to the optical snout of finished modules at the final QA stage.
A photograph of the snout is taken and the pixels of the image is processed using a
computer to look for both ultra-bright fibers and ultra-dim fibers. It is assumed that
the ultra bright fibers are producing too much reflected light of the overhead light
and that the ultra-dim fibers are not transmitting enough overhead light. Thus, the
camera fiber test is a quantitative check for both high-reflecting and low-transmitting
fibers.
The first module was installed at Ash River on August 3, 2012 and construction
is scheduled to be complete by January 2014. The experiment will begin taking
preliminary data later this year that can be compared to Monte Carlo predictions.
NOνA is now fairly confident in their ability to detect damaged fibers and hopes to
produce a far detector that provides more reliable hit information than the NDOS
prototype.
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